The present distribution of Patagonian species is the result of a complex history involving Quaternary refugial populations, Holocene range expansions and demographic changes occurring during the Anthropocene. Invasive salmonids were introduced in Patagonia during the last century, occupying most rivers and lakes, preying on and competing with native species, including the fish Galaxias platei. Here, we used G. platei as a case study to understand how long-term (i.e. population differentiation during the Holocene) and short-term historical processes (salmonid introductions) affect genetic diversity. Using a suite of microsatellite markers, we found that the number of alleles is negatively correlated with the presence of salmonids (short-term processes), with G. platei populations from lakes with salmonids exhibiting significantly lower genetic diversity than populations from lakes without salmonids. Simulations (100 years backwards) showed that this difference in genetic diversity can be explained by a 99% reduction in population size. Allelic richness and observed heterozygosities were also negatively correlated with the presence of salmonids, but also positively correlated with long-term processes linked to Quaternary glaciations. Our results show how different genetic parameters can help identify processes taking place at different scales and their importance in terms of conservation.
Background
Global biodiversity is thought to have declined sharply over the last century [1, 2] . Although actions have been taken to slow down the rate of species loss, such actions have largely been insufficient [3] . Much of the recent biodiversity loss has taken place as a result of human expansion, the consequences of which have been compared to the previous mass extinctions on Earth [4] . Human modifications of the environment have reached such magnitude that scientists have proposed a new geological epoch named the Anthropocene, that begins with human expansion as a driving force for global change [5, 6] . During the Anthropocene, animal biodiversity has been seriously affected by human-induced landscape modification, including the introduction of exotic (non-native) species to regions outside their range, some of which become invasive, affecting the abundance and distribution of native species [7] . From an ecological viewpoint, invasive species can transform habitat (e.g. increasing the eutrophication in freshwater systems), affect the biotic interaction among species (predation, competition and grazing) and finally decrease the overall diversity [8, 9] . The recent expansion of invasive species into exotic ranges has often been thought to cause not just declines in the population sizes of native species but also declines in the genetic diversity of populations [10] [11] [12] .
Freshwater biodiversity has constantly been threatened by the introduction of invasive species [13] , reducing the presence of native species and their local populations [14] . Although far from the most highly populated areas of the world, Patagonia exhibits a high number of introduced species, including salmonid fishes. Salmonid fishes have been introduced into Patagonian lakes and rivers starting in the early twentieth century [15] , with some species currently exhibiting naturalized communities (see [16] [17] [18] ). The presence of these invasive species in Patagonia has resulted in significant impacts on lake and river populations, where salmonid fishes have displaced native fish species, especially from streams [19] [20] [21] . Salmonids are known to prey on widely distributed native fishes, which has facilitated their success throughout Patagonia [22] . One of these prey species is the freshwater fish Galaxias platei found throughout Patagonia. Salmonids have been shown to actively prey on G. platei individuals, affect their habitat preferences and act as stream barriers for their dispersal [21, 23] . Nevertheless, the extent to which the presence of salmonids affects the genetic diversity of G. platei populations remains unknown. Indeed, very few studies are available that show an impact of invasive species on the genetic composition of native species (e.g. [10, 24, 25] ), revealing the need for more studies in this area.
Aside from the short-term temporal processes affecting the genetic diversity of populations such as those induced by the presence of invasive species, long-term historical processes have also revealed an important role in the genetic composition of species (e.g. [26, 27] ). Most of the long-term historical processes explaining the genetic diversity of Patagonian species have been linked to refugial areas and postglacial colonization routes [28, 29] . This is especially true for G. platei, the genetic diversity of which has been shown to have been influenced by these processes [28] [29] [30] [31] [32] [33] . The relative magnitude of the effects of long-term historical processes (i.e. those related to Quaternary glacial cycles) versus that of short-term processes (i.e. invasive species) on genetic diversity remains, however, largely unexplored. With this in mind, we used the freshwater G. platei (21 lake inhabiting populations) as a case study to address the question of what estimators of genetic diversity (i.e. number of alleles, allelic richness or observed heterozygosity) best reflect the effects of short-term (e.g. salmonid introductions) versus long-term historical (e.g. glacial cycles) processes. We then inferred the recent demographic processes potentially explaining the observed differences in genetic diversity among G. platei populations.
Material and methods (a) Sampling collection and molecular protocols
Galaxias platei (n ¼ 1801) were collected from a total of 21 lakes distributed from 398 S to 508 S in the south of Chile and Argentina (table 1 and figure 1 ). Individuals collected from the isolated lakes Yulton, Thompson and Belgrano, as well as those collected from two other (connected) lakes, Pollux and Del Mie, are used for the first time in this study. The remaining samples have been used in previous studies ( [28, 32] ; table 1). The five new collections were obtained as before, using seine nets, gill nets and by electrofishing. Tissue collections were then stored in 95% ethanol Eppendorf tubes. The guidelines specified in Law 18.755 of the agricultural and Livestock Service of Chile were followed for the care and use of animals for scientific purposes. DNA extraction, polymerase chain reaction protocols and microsatellite scoring methodologies are explained in detail in the electronic supplementary material, appendix S1.
Eleven out of 21 lacustrine G. platei populations examined in the present study coexist with invasive salmonids, while the remaining 10 populations originate from salmonid-free lakes (table 1) . Five of the 21 collections originate from populations inhabiting isolated lakes or lakes with nil connectivity with downstream environments, while the remaining 16 collections originate from populations inhabiting lakes with at least some degree of connectivity with other G. platei populations in their respective river systems (table 1) .
(b) Descriptive analyses
Hardy-Weinberg equilibrium (HWE) and linkage disequilibrium (LD) tests were assessed in GENEPOP on the web (http://genepop. curtin.edu.au/; [36] ). The false discovery rate (FDR) approach was used to account for multiple tests in both the HWE and LD using FDR [37] . Observed heterozygosity (Ĥ o ), allelic richness (Â), number of alleles (N a ) and the fixation index (F ¼ 1 2 (H o / H e )) were calculated with GENALEX 6.5 [38] . Data on the presence/absence of introduced salmonids in Chile were retrieved from the literature [21, 34, 39] . Divergence times were obtained from previous studies [28, 32] , as well as estimated here for lakes Thompson, Pollux, Belgrano and Del Mie in DIYABC [40] following the same methodology from a previous study [28] using the hypotheses and priors from the electronic supplementary material, appendices S2 and S3. Divergence time obtained for lakes Thompson-Pollux and Belgrano, and Del Mie (1240 and 1700, respectively) were then used in the regression analyses. Lake area and distance to refugial population were calculated with ARCGIS 10.3.1 [41] . Distances to refugia were based on the minimum distance between a sampled lake and refugia following the river flow. Refugia were estimated in previous works with DIYABC using hypotheses based on geological information [28, 32] .
(c) Statistical tests
Forward stepwise regression analyses were conducted to examine the influence of latitude, lake area, divergence time, gene flow, presence/absence of salmonids and distance to refugial populations on dependent variablesN a ,Â,Ĥ o andF. Independent variables were added or removed one at a time, using a forward stepwise analysis with F-to-enter 3.8416 and F-toremove 2.7056. Because no information for distance to refugia or for divergence time existed for the five isolated lakes, these were not considered when examining the roles of distance to refugia and divergence time. The remaining 16 populations (Valdivia, Puelo and Serrano basins) shared all 10 microsatellite markers, and thus, the regression analyses involving these 16 populations included genotypic data for all 10 markers available.
Two-sample methods were used to quantify the effect of salmonids on the genetic variables N a ,Â andĤ o . These analyses were conducted with both datasets, the first involving just 16 populations and 10 microsatellite markers, and the second involving all 21 populations with eight microsatellite markers. T-tests were used forN a andÂ , while Mann -Whitney U-tests were used forĤ o because the equal variance test failed for the analysis with 16 and 21 populations. All statistical analyses were run in STATISTICA v. 7.0 [42] .
To control for a potential effect of lake area (habitat size) on genetic parametersĤ o ,Â andN a , the two-sample analyses were repeated using the residuals of the regression of these parameters on lake area. Although the regression coefficients were non-significant, the residuals were still used to compare G. platei populations from lakes with and without salmonids.
(d) Simulations
Simulations were performed in NEMO 2.3.46 [43] to evaluate which of a number of population size reduction scenarios can royalsocietypublishing.org/journal/rspb Proc. R. Soc. B 286: 20182567 Table 1 . Sampled Galaxias platei lake populations including the information of latitude, lake area (km lead to at least a 10% decline inN a within the timeframe of 100 years from an initial reduction in population size. The genotypic data for simulations were created from the G. platei population from Lake Thompson, a population inhabiting a salmonid-free and isolated lake with a number of alleles similar to the average over all 10 salmonid-free lakes. We used the genotypic data from this population to simulate populations with initial size n ¼ 100 000 and final size n ¼ 50 000, 25 000, 10 000 and 1000 (corresponding to 50%, 25%, 10% and 1% of the original population size). For all simulations, the decrease in the population sizes took place gradually during the first 10 generations (30 years) when we assumed that population size decrease reached a plateau. An initial population size of n ¼ 100 000 was chosen as this is the expected maximum size of a G. platei population inhabiting a lake with an area of 10 000 m 2 (i.e. maximum expected density: 10 individuals m
22
; [44] ). We thus simulated a typical G. platei population inhabiting a salmonid-free lake. We then plotted the percentage of the initial number of alleles still remaining in the population over a 100 year period. Simulations were run using 10 replicates, mean fecundity ¼ 10 000, reducing population sizes every three generations (10.5 years), according to figure 3a. All inputs were uploaded to https://figshare. com/s/15378b944339ed847a19.
Results (a) Descriptive analyses
There were 21 departures from the HWE with FDR ¼ 0.2, but they were neither locus nor population specific. No evidence of linkage disequilibrium was found after applying the FDR approach.N a ,Â andĤ o were lowest in Lake Puelo (Puelo River Basin),N a andÂ were highest in Lake Azul (Serrano River Basin), whileĤ o was highest in Lake Pehoe (Serrano River Basin) when considering 10 markers and in lakes . Azul (data from Vera-Escalona et al. [32] ); (c) Cuervo River Basin: 10. Lake Yulton; (d ) Aysén River Basin: 11. Lake Thompson, 12. Lake Pollux; (e) Nansen (13. Lake Belgrano) and Chico (14. Lake Del Mie) River Basin; and ( f ) Serrano River Basin: 15. Lake Dickson, 16. Lake Paine, 17. Lake Azul, 18. Lake Mellizas, 19. Lake Nordenskjold, 20. Lake Pehoe, 21. Lake Porteño (data from Vera-Escalona et al. [28] ). Pink circles show where glacial refugia were located (based on the study of Vera-Escalona et al. [28] and Zemlak et al. [33] 
(c) Lakes with and without salmonids
Galaxias platei populations coexisting with salmonids in lakes with connectivity exhibited fewer alleles (lowerN a ) than populations living in salmonid-free lakes (figure 2a; electronic supplementary material, appendix S4). Similar results were obtained when considering all 21 populations and eight microsatellites: lakes with salmonids (figure 2b; electronic supplementary material, appendix S4). Allelic richness for G. platei populations from lakes with connectivity was also lower in lakes where native populations coexisted with salmonids than in those from lakes without salmonids (electronic supplementary material, appendix S4). The same pattern was observed when considering all lake populations regardless of connectivity. Similar differences were observed when considering heterozygosity. Among the G. platei populations experiencing gene flow, those coexisting with salmonids exhibited lower heterozygosities than those inhabiting salmonid-free lakes (electronic supplementary material, appendix S4). A similar pattern was observed when considering all lakes, including those that are connected and those that harbour relatively isolated populations (electronic supplementary material, appendix S4). Genetic diversity as measured bŷ N a orĤ o was 10-20% lower among G. platei populations inhabiting lakes with salmonids than in G. platei populations inhabiting salmonid-free lakes (
Linear regression analysis between the genetic variableŝ N a ,Â andĤ o with lake area (as a proxy for population size) was non-significant (electronic supplementary material, appendix S5). The residuals of these regressions exhibited a pattern with regard to the presence/absence of salmonids that was similar to that observed above where lake area was not considered (electronic supplementary material, appendix S6), suggesting that the declines inN a ,Â andĤ o among G. platei populations when salmonids are present are not an artefact of differences in population size.
(d) Simulations
The simulations using NEMO show that a decline in the number of alleles approximately equivalent to 10% of the initial number could be explained through an scenario where the population is reduced by two orders of magnitude, to 1% of its original size by declining from an initial size of n ¼ 10 5 to a final size of n ¼ 10 3 (figure 3a,b).
Discussion
Here, we studied the effects of Quaternary glaciations and the introduction of invasive salmonids over a Patagonian native fish. We showed that the number of alleles (N a ), allelic richness (Â) and observed heterozygosity (Ĥ o ) in a Patagonian native fish were at least 20% lower in lakes with invasive salmonids than in salmonid-free lakes. The presence of salmonids negatively correlated withN a , and the same pattern was observed forÂ, andĤ o .Â was also positively correlated with time, andĤ o was correlated with divergence time and by distance to glacial refugial. Finally, we showed that the observed difference inN a (10%) in native populations inhabiting salmonid-invaded lakes relative to salmonid-free lakes could be explained by a 99% reduction in population size over a 100 year timeframe, potentially revealing an effect of the presence of invasive salmonids at a genetic level. Below, we discuss the conservation implications of these results using G. platei as a case study, focusing on the significance of the results revealed by different genetic parameters.
(a) Long-term historical processes
The effects of the Quaternary glaciations on contemporary genetic diversity of populations has been widely discussed [45, 46] ). Nevertheless, the question of the extent to which different genetic parameters are affected by long-term historical processes like those related to the Quaternary glacial cycles versus short-term historical processes remains largely unexplored. Here, we showed that divergence time and the combined effect of divergence time and distance to refugia affectedÂ andĤ o , although based on the coefficient values, this relationship was minimal or negligible compared to the effect of the presence of salmonids. Notably, historical processes did not affect N a estimates. Allelic richness is one of the most important parameters in conservation [47] . It is a measure of the number of alleles that, unlike the mean number of alleles (N a ), is independent of sample size [48] . Allelic richness is particularly sensitive to the decrease in population size [48, 49] . This genetic parameter is thus likely to have been affected by historical royalsocietypublishing.org/journal/rspb Proc. R. Soc. B 286: 20182567
(glacial cycles) and recent (introduction of invasive salmonids) reductions in population size. Allelic richness is expected to be more affected by recent processes [48] ; nevertheless, our results suggest that this parameter can be affected by the relative importance of short-and long-term population size reductions. It is known that genetic variability of lake populations increases in populations where two or more headwaters converge, as in the case of dendritic populations [50] . Dendritic systems were common among sampled populations, and thus, it was expected that populations far from the refugia (refugia were usually located in the headwaters) exhibited higher levels of heterozygosity owing to their nodal position connecting two or more lakes. Two other variables were expected to correlate with genetic diversity, and these were lake area as a measure of habitat (i.e. population) size and latitude [51] [52] [53] . Our results suggested that neither variable significantly affected the genetic diversity of G. platei. Contrary to other examples in the literature (i.e. [50, 51] ), lake area might not properly estimate habitat size for this species because of the species preferential use of littoral and particularly, deep benthic areas [21, 54] . Finally, the genetic diversity in G. platei is not related to latitude, probably because on a local scale (50 -200 km), the glacial history of the region is more closely related to longitude (i.e. distance west (or east) of the Andean peaks) than to latitude. This explanation is also supported by the effect of distance to refugia (usually located in the Andean zones). Similarly with altitude, which was also uncorrelated with genetic diversity, this is probably a result of the topological differences in the altitude of extant populations and the position of glacial refugia from coastal to high altitude [28,31 -33] .
(b) Short-term historical processes
The separate effect of long-term versus short-term events over the number of alleles, allelic richness and heterozygosity has been widely discussed [55, 56] . However, less attention has been paid to the possible combined effect of long-term and short-term processes and how particular variables such as the recent effects of invasive species can affect neutral markers. Rare alleles are lost at a faster rate than the decline in heterozygosity following a bottleneck [57] . Recent bottlenecks are thus more easily detected examining the number of alleles and allelic richness than heterozygosity. We showed with the stepwise regression analyses that the presence of salmonids explains the changes inN a across G. platei populations, while a combination of divergence time and salmonids presence explained the variation in A, and salmonid presence, divergence time and distance to refugia explained the variation inĤ o . Thus, our results are consistent with the hypothesis that the introduction and subsequent expansion of salmonids in Patagonia may have had a negative effect on the genetic composition of native G. platei populations [19, 21, 58] . More generally, these results suggest that conservation studies focused on the effects of short-term processes should includeN a in their analyses.
Invasive species are known to modify the environment, lead to increased predation and competition intensities as well as to decreases in overall native diversity [9] , though the effects of invasive species on diversity are hotly debated and may be a function of the spatial scale of analysis. On the other hand, there is little controversy in the assertion that invasive species affect the spatial distribution of native species [14, 59] . We provided evidence of a difference in genetic diversity among native fish populations from lakes with and without salmonids. This evidence is, therefore, consistent with the hypothesis that the introduction of salmonids in Patagonia beginning early in the twentieth century negatively affected the genetic diversity of the native G. platei. The simulations support the hypothesis of the reduction of the genetic diversity as a consequence of the presence of salmonids by showing that the difference in the number of alleles between lake populations with and without salmonids can best be explained by a 99% reduction in population size during the last century. If true, these results would be in line with other studies analysing the genetic consequences of population size decline such as overexploited mammals and overfished marine species [60, 61] . A caveat to this main result is that 9 out of 10 lakes without salmonids were monospecific, and 8 out of 10 lakes with salmonids (there was information for only 10 out of 11 lakes) presented G. platei and one or more native species (electronic supplementary material, appendix S7). Thus, there might be an influence of the over-representation of monospecific lakes in the study. The number of other native species present did, however, not affect the genetic diversity of G. platei (electronic supplementary material, appendix S8). The abundance of royalsocietypublishing.org/journal/rspb Proc. R. Soc. B 286: 20182567 G. platei, as has been shown for other galaxiids in the Southern Hemisphere [62, 63] , is negatively associated with the abundance of salmonids, and this effect is more significant than any other potential land use or environmental variable affecting the species abundance [24, 63] . Although no study exists relating the abundance of G. platei with that of different salmonid species within these lakes, we expect the effect to be similar among all sampled lakes: nine of the 11 lakes with salmonids contain Salmo trutta (electronic supplementary material, appendix S9). This species has been suggested as a strong contributor to impact on native species, including G. platei [23] . Among the salmonid species introduced in Patagonia, two have been very successful, S. trutta and Oncorhynchus mykiss; these are the most abundant species in 10 of the 11 lakes studied (electronic supplementary material, appendix S9). At least four more salmonid species can, however, be found in one of the lakes studied, Lake Puelo (electronic supplementary material, appendix S9). These other species probably have synergistic effects on the genetic diversity of the G. platei population in this lake. To our knowledge, this is the first study examining the consequences of the presence of invasive salmonids on the genetic diversity of a South American fish. This is particularly important after the alarming recent reports of the effects of human activity over native South American species [64] . Nevertheless, these conclusions are not geographically limited because the introduction of invasive species poses a serious threat to native species worldwide [65] . We thus expect our results to contribute to a wider discussion on the effects of invasive species on the genetic diversity of native species worldwide, and they indeed provide new evidence for decision makers, showing the magnitude of the impact of invasive species on native fauna.
(c) Conservation implications
The rate of species extinction has increased during the last century as a result of human activities, including the introduction of invasive species [2] . At present, there are thousands of threatened species and many of them have lost a significant part of their genetic diversity during the last century as a consequence of direct and indirect effects of human impact [12] . Genetic tools can help in the study of the loss of genetic diversity during the Anthropocene [66] , but in order to produce reliable results it is still necessary to deepen our understanding of how different genetic estimators respond to diverse ecological and landscape modifications. Our results suggest that invasive species can affect native fauna at the genetic level, leading to an important decrease in their genetic diversity when estimated withN a andN a -based methods, which reflect recent changes better than alternative measures of diversity [55] . Here, by using G. platei as a case study, we showed that the introduction of salmonids in Patagonia has seriously threatened native populations [15, 20, 62] . Although other studies have examined the ecological consequences of salmonids in lake and river fishes (e.g. [21, 23, 67] ), to our knowledge no study has evaluated the genetic consequences of invasive salmonids on native species from Patagonia. Galaxias platei is widely distributed throughout Patagonia and is thus considered of only special concern (www.mma.gob.cl). Our results suggest that simply considering the presence/absence of a given species is likely to hide the species' real conservation status. Simulations showing that invasive species help explain the difference in genetic diversity observed between invaded and salmonidfree lakes can assist in the development and design of policies for the conservation of biodiversity [68] . For instance, these results encourage decision makers in maintaining the connectivity among populations to increase the genetic diversity of native species affected by the introduction of invasive species, altogether with the partial or complete eradication of invasive salmonids to reduce the negative impacts on native species as suggested by previous authors [69, 70] .
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